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ABSTRACT: Removal of copper naphthenate (CN) from used wooden railroad ties
was investigated to improve the commercial viability of this biomass as a fuel source
and avoid alternative disposal methods such as landﬁlling. Bench-scale thermal
desorption of organic preservative components from CN-impregnated ties was
followed by extraction of the copper fraction with ethylenediaminetetraacetic acid, 1-
hydroxy ethylidene-1,1-diphosphonic acid, or 2,6-pyridine dicarboxylic acid (PDA).
Naphthenic acid (NA) and carrier oil were recovered at desorption temperatures
between 225 and 300 °C and could potentially be recycled to treat new ties. The
thermal treatment also mimicked torrefaction, improving the biomass properties for
use as a thermochemical conversion feedstock. Chelation with PDA, a biodegradable
chelating agent, after desorption had the highest extraction eﬃciency of copper and
other naturally present inorganics, extracting 100% of the copper from both the raw
and 225 °C-treated samples. Optimized desorbed material showed a 64% decrease in
ash content when extracted with PDA; however, extraction eﬃciency decreased as desorption temperature increased, indicating
that thermal treatment caused the inorganics to be less extractable. We concluded that the optimum desorption conditions were
between 250 and 275 °C for 45 min followed by extraction with PDA when considering both NA removal and inorganic
extraction eﬃciency.
KEYWORDS: 1-Hydroxy ethylidene-1,1-diphosphonic acid (HEDP), 2,6-Pyridine dicarboxylic acid (PDA), Chelation,
Copper naphthenate (CN), Ethylenediaminetetraacetic acid (EDTA), Preservative, Railway sleeper, Thermal desorption, Used ties
■ INTRODUCTION
Copper naphthenate (CN) is an oil-borne preservative
composed of naphthenic acids (NA) and salts of copper ions
eﬀective against fungi, bacteria, and molds.1 Approximately 267
million cubic feet of lumber are treated with oil-borne
preservatives, including CN and pentachlorophenol (both
diluted in carrier oil), per year.2 High-pressure treatment is
used to apply CN into wooden railroad ties before ﬁeld
installation to slow biodeterioration. This treatment results in a
retention of 0.06 pcf as copper in the wood and an assay zone
of one inch from the edge of the tie.3 After being removed from
railroads, the majority of preservative-treated railroad ties
become a fuel source in large industrial boilers permitted for
burning biomass. Changes to boiler emissions regulations such
as those dictated in the EPA’s Non Hazardous Secondary
Materials Rule, for example,4 combined with the low current
price of natural gas have resulted in a larger amount of ties
being discarded in landﬁlls as an alternative. The use of fossil
fuels and other nonwood alternatives has also increased in
response, further contributing to the release of greenhouse
gases already augmented by the decomposition of CN-treated
ties in landﬁlls.5
Thermal desorption has been shown to be an eﬀective
treatment method for recovering the preservative creosote from
used railroad ties.6 Advantages of thermal desorption over the
use of an organic solvent include a lower cost, no preservative
dilution, and upgrading of the quality of the ties for further
thermochemical conversion processes with improved properties
similar to those of torreﬁed biomass.7−9 Torrefaction, typically
carried out between 200 and 300 °C, causes a substantial rise in
the caloriﬁc value and carbon content of woody biomass in
particular.10 The combined reduction in moisture and
volatilization of oxygen and hydrogen-rich compounds during
torrefaction results in a feedstock with a higher energy density,
lower speciﬁc grinding energy, better storage stability, and
smaller average particle size than untreated biomass, all of
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which are beneﬁcial for thermochemical conversion pro-
cesses.11
Although thermal treatment is an eﬀective method for
recovery of the organic fraction of wood preservatives, CN
contains an additional inorganic fraction not found in creosote
that remains in the biomass after desorption. Many inorganics
such as alkali and alkaline earth metals in particular have been
reported to possess undesired catalytic eﬀects on thermochem-
ical conversion processes such as pyrolysis.12−14 The presence
of copper and these other metals leads to a decrease in yield
and intensiﬁcation of physical and chemical issues such as
slagging, clogging, and degradation of reactor walls from
corrosion and deactivation of catalysts.14 Chelating agents are
often used as an extraction method for the removal of
inorganics from biomass, including those that have these
detrimental eﬀects. One of the most common of these chelating
agents is ethylenediaminetetraacetic acid (EDTA), which has
shown high eﬃciency in heavy metal removal from
preservative-treated wood.15−17 This chelating agent, however,
is not biodegradable and is hazardous to the environment,16,18
causing its use to be restricted or banned for various
applications in European countries.19 Alternatives to EDTA
such as 1-hydroxy ethylidene-1,1-diphosphonic acid (HEDP)
and 2,6-pyridine dicarboxylic acid (PDA) are gaining popularity
for inorganic removal because of their extraction eﬃciency
comparable to that of traditional chelating agents as well as
their biodegradability.20 HEDP belongs to the organo-
phosphate group of chelating agents, while PDA is a naturally
occurring compound in bacterial spores.21 HEDP chelates with
copper in a 1:1 ratio such as EDTA,22 whereas PDA contains 3
possible coordination sites with metal ions and typically
chelates in a 2:1 (chelator:metal) ratio.20
However, the thermal treatment of CN-impregnated wood
may have an eﬀect on the copper and naturally present
inorganics found in the ties, in addition to the ease of their
extraction with these chelating agents.23,24 For example, a study
by Barnes et al.23 found that steam treatment of CN-treated
wood poles led to the formation of inert Cu2O. Heat treatment
in the presence of moisture can also cause the surface of the
wood to become hydrophobic, which reduces the wood’s
uptake of water and limits the movement of these inorganics
within the wood structure.11,23,25,26 A higher hydrophobicity
would also restrict water diﬀusion across the wood cell wall.
In this study, we investigated the recovery of CN
components from used railroad ties with thermal treatment
between 200 and 300 °C and RT from 30 to 60 min followed
by extraction with 1% solutions of EDTA, HEDP, and PDA.
We propose that this process will improve the commercial
viability of using spent ties as fuel if they can be recycled to
capture the value of the copper naphthenate and oil and
consequently be used to produce a high-quality feedstock for
thermochemical processes such as pyrolysis.
■ EXPERIMENTAL SECTION
Material. Copper naphthenate impregnated railroad ties composed
of several diﬀerent hardwood species, including oak, hickory, and gum,
were provided prechipped by Nisus Corporation (Rockford, TN) in
large 55 gallon plastic drums. Six whole ties were run through a
commercial chipper, and then a subsample was further processed using
a knife mill to produce the material that was ultimately provided. The
volume received was equal to that of approximately two ties but
contained mixed material from the original six. This was done to
ensure the sample was representative with regard to both typical
retention and commercial species mix. The chips were then ground
using a Wiley Mill to less than 2 mm size prior to all analysis and
stored in an airtight container.
Characterization of the Used Tie Material. Proximate analysis
of the untreated ties (as received) sample included determination of
moisture content, ash content, and the percent volatile matter of the
CN-treated railroad ties using American Society for Testing and
Materials (ASTM) standard method D1762: Standard Test Method
for Chemical Analysis of Wood Charcoal. To summarize, porcelain
crucibles were heated in a furnace and then placed in a desiccator until
completely cooled. Approximately 1 g of the ground ties was then
added to each crucible and placed into an oven at 105 °C overnight to
remove water. Samples were then cooled in a desiccator and weighed
gravimetrically to determine moisture content. These same crucibles
were then covered with a lid and placed into a furnace at 950 °C for 10
min each. They were again cooled and weighed to determine volatile
matter. Finally, the uncovered crucibles were placed in a furnace at 575
°C overnight, cooled, and weighed to calculate ash content of the
samples. All experiments were performed in triplicate.
Removal of Oil and Naphthenic Acids by Thermal
Desorption. Pyrolysis-gas chromatography/mass spectrometry (Py-
GC/MS) was used to monitor the desorption of preservative
components under diﬀerent temperatures and residence times from
the CN-treated railroad material. The method was adapted from that
used by Kim et al. to desorb creosote in used ties.6 This screening was
done using a Frontier EGA/Py-3030 D micropyrolyzer and
autosampler connected to a PerkinElmer Clarus 680 gas chromatog-
raphy and Clarus SQ mass spectrometer. Approximately 300 ± 30 μg
of the raw sample were put into each sample pan that was placed into
an autosampler, which then fed into the pyrolysis furnace. The
pyrolysis furnace was maintained at 200, 225, 250, 275, or 300 °C for
10, 20, or 30 min. When each residence time ended, helium (1 mL/
min) carried the resulting vapor into the GC-injection port (270 °C)
at a split ratio of 80:1. Once there, the following GC temperature
program was started: begin at 50 °C for 4 min holding time, increase
to 280 °C at 5 °C/min, and then hold for 5 min at 280 °C. An Elite
1701 MS capillary column was used for vapor separation prior to MS
analysis. MS analysis was conducted with a source temperature of 270
°C and electron ionization of 70 eV. The results were then compared
with the NIST library for identiﬁcation. Triplicates were collected for
each Py-GC/MS experiment.
After testing with Py-GC/MS, thermal desorption of oil and NA
with a bench-scale ﬁxed bed reactor was tested to determine the
scalability of this process (Figure S1). Desorption of the organic
fraction of the CN from the railroad ties was tested at 225, 250, 275,
and 300 °C for 30, 45, and 60 min residence time under constant
nitrogen ﬂow of 2 L/min. Retention times (RT) longer than those
with the Py-GC/MS were used to address the slower heat transfer
through the tubular furnace of the ﬁxed-bed reactor. Additionally, only
the highest four temperatures were investigated with this reactor
because very little desorbed preservative was observed at 200 °C by
PyGC/MS. The ﬁxed-bed reactor consisting of a tubular furnace was
ﬁtted with four condensers to collect the desorbed preservative.
Approximately 30 g of CN-treated wood (as provided) was placed
inside of the furnace at each time−temperature combination. Nitrogen
gas carried the volatilized compounds from the sample to the
condensers where they were then collected using 250 mL of acetone
solvent. All four condensers were ﬁlled with liquid nitrogen during the
full duration of each run to condense the vapor.
Analysis of Recovered Naphthenic Acids and Carrier Oil. The
liquid fraction from the walls of the condensers after desorption at
each condition was recovered after the complete removal of the
acetone using a rotary evaporator. Each recovered liquid was combined
with approximately 1.7 μL of cyclopentylacetic acid and 1300 μL of
toluene to form solutions. A 1 μL aliquot of each solution was then
directly injected into the GC/MS for identiﬁcation and quantiﬁcation
of the recovered preservative components desorbed from the ties. A
PerkinElmer Clarus 680 gas chromatograph coupled with a Clarus SQ
mass spectrometer was used for this analysis at a split ratio of 50:1
with the GC-injection port maintained at 270 °C. The GC
temperature program started at 50 °C, was held at that temperature
for 4 min, then increased to 280 °C at 5 °C/min, and ﬁnally held for
10 min at 280 °C. An Elite 1701 MS capillary column was again used
for volatilized vapor separation prior to analysis using MS and
comparison with the NIST library. MS analysis was conducted with a
source temperature of 270 °C and electron ionization of 70 eV.
Triplicates were collected for each GC/MS experiment.
Analysis of Thermally Treated Solid Fraction. The particle size
distribution of each sample after being thermally treated was
determined using a set of sieves with multiple particle sizes (2.83
mm, 2.38 mm, 2 mm, 0.4 mm, < 4 mm) and a mechanical shaker. The
portion of sample remaining in each sieve after shaking for ﬁve min at
500 rpm was determined gravimetrically and compared to that of the
untreated sample. Proximate analysis of the solid wood samples after
thermal desorption was also conducted using the same methods
employed to characterize the untreated sample in Characterization of
the Used Tie Material, and ultimate analysis using a 2400 Series II
CHN Analyzer (PerkinElmer) was conducted to measure the
percentage of carbon, hydrogen, oxygen, and nitrogen within the
thermally desorbed samples. Additionally, scanning electron micro-
scope images were collected on a Zeiss Dual Beam FIB/SEM
Figure 1. Thermal desorption of copper naphthenate-treated railroad ties by Py-GC/MS at 275 °C for (a) 10, (b) 20, and (c) 30 min.
Figure 2. Thermal desorption of copper naphthenate-treated railroad ties by Py-GC/MS for 10 min at (a) 200, (b) 225, (c) 250, (d) 275, and (e)
300 °C.
instrument. The samples were deposited on double sided carbon tape
and coated with gold prior to characterization.
Extraction of Inorganics with Chelating Agents. Copper and
other biomass inorganics that negatively aﬀect pyrolysis were extracted
from the thermally desorbed ties using a 1% solution of EDTA (pH
5.5), HEDP (CAS 2809-21−4) (pH 1.5), or PDA (CAS 499-83-2)
(pH 4). The thermally desorbed ties were also extracted with
deionized water as a control. The pH of chelating agents aﬀects their
extraction eﬃciency, so this parameter was adjusted to values shown to
have high extraction eﬃciency of copper in the literature.24,27,28
Ammonium hydroxide was used for pH adjustment of the solutions so
as not to introduce any new inorganics into the systems. A traditional
batch extraction method was used where the reaction temperature was
held constant at 75 °C during each 3 h extraction with constant
stirring at 150 rpm. A solution:liquid ratio of 15:1 was used for each
test.18,19 After each extraction, the solid was separated from the liquid
using a Whatman no. 2 ﬁlter. The liquid was then centrifuged for 20
min at 1000 rpm to further remove any small solid particles from the
liquid samples.
Inductively coupled plasma-optical emission spectrometry (ICP-
OES) (PerkinElmer Optima 7300 Dual View, Shelton, CT) was
conducted after chelation to determine the inorganic composition of
the liquid extracted from the ties. Reagent grade nitric acid (67−70%)
(1 mL) was added to 15 mL of each liquid sample for acidiﬁcation of
the solutions, which were then passed through 0.2 μL ﬁlters and
analyzed using ICP-OES analysis to determine the composition of
inorganics leached from each sample. The determined phosphorus
concentration extracted from each sample chelated with HEDP was
corrected based on the molecular weight of the chelating agent.
■ RESULTS AND DISCUSSION
Removal of Oil and Naphthenic Acids by Thermal
Desorption. Copper naphthenate is composed of NA, copper
ions, and carrier oil.29 Because the inorganic fraction of the
preservative does not volatilize at the selected temperature
range, only the oil and NA (organic fraction) can be removed
by thermal desorption. Py-GC/MS was used to monitor the
desorption of these NA and carrier oil from the used railroad
ties at 200, 225, 250, 275, or 300 °C for varied residence times
to determine the optimal thermal desorption conditions.
Several hundred diﬀerent compounds that vary based on the
source make up naphthenic acid, so quantifying the amount of
this component contained within the ties using Py-GC/MS is
diﬃcult. Instead of clearly deﬁned CN peaks, the presence of
the NA results in a bump shape along the baseline of the
pyrograms (Figure S2).30 The area decreases as the preservative
is removed from the wood ties. The tall clearly deﬁned peaks
that appear from a RT of about 30 to 50 min can be identiﬁed
as tetradecane, nonadecane, and other solvent compounds.
Figure 1 shows thermal desorption of the ground ties using
Py-GC/MS at a constant temperature (275 °C) with the RT
varying from 10 to 30 min, while Figure 2 depicts a change in
desorption temperature at a constant time. Little variation in
the pyrograms occurred with an increase in RT. However, a
slight decrease in the NA area with an increase in temperature
supports that more preservative component is desorbed at
higher temperatures (Figure 2). Higher temperatures also result
in the detection of larger carbon dioxide, acetic acid, furfural,
and other phenolic compound peaks (Figure 1), which
indicates the partial decomposition of the wood matrix. Peaks
present at approximately 30.7 and 32.7 min RT increase in
height at higher temperatures due to an increase in phenolic
compounds from the breakdown of lignin, thus further
demonstrating this decomposition.6 This loss in carbon
negatively aﬀects the wood’s yield as a potential thermochem-
ical conversion feedstock by resulting in a smaller amount of
upgraded feedstock produced as well as increases the ash
content (%) of that feedstock. Therefore, there is a trade-oﬀ
between the highest removal of preservative at these higher
temperatures and the degradation of the wood matrix.
Thermal desorption of NA on a larger scale using a ﬁxed bed
reactor was then conducted to assess the scalability of the
process and validate the trends seen by Py-GC/MS. It was also
possible to monitor mass loss at this scale (Table 1). Mass loss
with the lowest treatment severity (desorption at 225 °C for 30
min) is 17.2% and reaches 54.7% at the highest. A larger mass
loss is expected with a greater decomposition of the wood
matrix. In all cases, there is a signiﬁcant increase between the 30
and 45 min RT trials but a much smaller diﬀerence between the
45 and 60 min at each temperature (Table 1). For example, a
diﬀerence in mass loss of about 4% occurred at 275 °C when
the residence time was lengthened from 30 to 45 min; however,
a change of only about 1% occurred when the residence time
was increased from 45 to 60 min. Thus, for optimal NA
desorption, a RT of 45 min should not be exceeded at any
treatment temperature.
In addition to a higher removal of NA and carrier oil solvent
from the ties, these mass losses can be attributed to the removal
of moisture and the loss of carbon from the breakdown of the
wood matrix, in particular hemicellulose.11 Higher amounts of
carbon dioxide and water are released at more severe
torrefaction conditions. A greater decomposition of the wood
constituents occurs as severity of thermal treatment conditions
increase, as seen in the Py/GC-MS data in Figure 1. Thus,
severity should be minimized when generating a feedstock for
subsequent thermochemical conversion processes. The trends
seen with thermal desorption using the bench-scale reactor
mirror those observed by Py-GC/MS, which supports
scalability of the desorption process.
Scanning electron microscopy (SEM) was used to verify that
a higher breakdown of the wood structure occurred as bench-
scale thermal desorption temperature rose. Intervessel pitting
and scalariform perforations, typical of hardwoods, are visible in
the vessels of the thermally desorbed samples in SEM images at
250 °C (Figure 3c) and 275 °C (Figure 3d).31 Degradation of
these tissues becomes larger and more prevalent as thermal
desorption temperature increases, with almost complete
morphological degradation occurring at 300 °C (Figure
Table 1. Mass Loss of Copper Naphthenate-Treated
Railroad Ties from Bench-Scale Thermal Desorption under
Varying Retention Time and Temperature
desorption temperature
(°C)
desorption time
(min)
average mass lossa
(%)
225 30 17.2 (0.3)
45 20.4 (0.5)
60 20.9 (1.9)
250 30 23.4 (0.2)
45 27.3 (0.3)
60 28.9 (0.6)
275 30 32.9 (0.5)
45 37.4 (1.1)
60 38.6 (0.4)
300 30 45.0 (0.4)
45 49.2 (2.8)
60 54.7 (1.2)
aAverage (standard deviation) of triplicates.
3e).32,33 This decomposition can be attributed to the
breakdown of biomass components such as lignin (275−500
°C), cellulose, and hemicellulose (150−350 °C).32,34
Properties of Recovered Naphthenic Acid and Carrier
Oil. After each thermal desorption using the bench-scale
reactor, the condensed liquid was recovered from the reactor
using acetone. This liquid fraction was composed of two
distinct phases, a water fraction and an organic fraction, which
were separated and weighed for yield quantiﬁcation (Table 2)
prior to analysis. The amount recovered increases with thermal
desorption time and temperature (Table 2). Approximately
0.11 g of total liquid was recovered with a 30 min thermal
treatment at 225 °C, while 0.28 g was removed using the most
severe treatment conditions of 300 °C and 60 min. Because the
organic fraction of the recovered liquid includes mainly
preservative components and wood decomposition byproducts,
this increase in yield suggests both a larger amount of
naphthenic acid and carrier oil being desorbed as well as a
larger decomposition of the wood matrix.
Aliquots from the recovered organic fraction were combined
in solution with toluene and cyclopentylacetic acid before being
directly injected into a GC/MS for identiﬁcation and
quantiﬁcation of the major components. The proﬁle of the
liquid phase is very similar to the proﬁle obtained from the
desorbed vapor by Py-GC/MS. The major peaks are identiﬁed
as compounds derived from the carrier oil solvent that was used
to help CN penetrate the wood ties’ cell walls. The bump shape
below the solvent peaks and above the baseline in each
chromatogram is caused by the presence of NA (Figure S2).30
In regards to the solvent peaks, no diﬀerences exist between the
diﬀerent desorption conditions; however, the total NA area is
larger with an increase in temperature (Figure 4). Due to the
lower boiling point of NA (130−240 °C) in comparison with
that of the carrier oil solvent (280−340 °C), this component of
the preservative would be expected to volatilize at the lower
desorption temperatures, thus supporting the observation.35,36
The amount of NA recovered at temperatures above 250 °C
drastically rises from that at less severe conditions. However,
very little diﬀerence exists between the 45 min desorption at
275 and 300 °C. This plateau suggests that NA removal is
maximized between 250 and 275 °C.
Properties of Solid Residual Thermally Treated Ties.
The moisture content of the thermally desorbed railroad ties
decreases with an increase in time as well as temperature (Table
3). Moisture content of the railroad ties prior to treatment is
9.6%, which is reduced to 1.3% after desorption at 300 °C for
60 min. Lower moisture content is beneﬁcial for a pyrolysis
feedstock by making the material easier to store and transport
prior to conversion, in addition to producing a higher quality
bio-oil.11 Therefore, thermal treatment improves the wood
quality for use as a pyrolysis feedstock. Removal of hydrogen
and oxygen in the form of water and other compounds results
in a higher amount of ﬁxed carbon present in the ties as
desorption temperature and time increase. The same trend can
be seen with the change in carbon content which augments
from 51.0 to 59.3%, accompanying a decrease in hydrogen and
oxygen from 6.7 to 5.2% and 41.5 to 33.4%, respectively. The
ash content is relatively low in all conditions but slightly
increases from 1.2% in the starting material to 1.9% at the
highest desorption severity, thus further supporting conditions
with lower severity for optimizing recovery of NA from the ties.
The percentage of smaller sized particles also increases as a
result of this greater decomposition (Figure 5). The number of
smaller particles present in all desorbed samples is larger than
in the untreated sample. Approximately half of the particles in
every desorbed sample are between a 0.4 and 2 mm particle
size. Biomass particle size is often reduced as a result of
torrefaction37 due to the wood becoming more brittle and more
easily ground; therefore, this trend is expected within our
selected desorption temperature range.
A reduction in particle size is also advantageous for the
subsequent chelation process.38,39 Typically, higher extraction
eﬃciencies are achieved when extracting from smaller biomass
particles than from larger chunks due to an increase in speciﬁc
wood surface area.38,39 Larger surface area allows the metals to
become more accessible to the chelating agents.39
Extraction of Inorganics with Chelating Agents.
Following thermal desorption, extraction of the inorganics
within the thermally treated ties was tested using deionized
Figure 3. Scanning electron micrographs of wood ties thermally
desorbed with a bench-scale ﬁxed bed reactor for 45 min at (a) raw
sample (no thermal treatment), (b) 225, (c) 250, (d) 275, and (e) 300
°C.
Table 2. Yield of Organic Liquid Fraction from Bench-Scale
Thermal Desorption of Ties
thermal desorption
temperature (°C)
retention time
(min)
weight of extracted organic
phase (g)a
225 30 0.11
45 0.11
60 0.12
250 30 0.15
45 0.19
60 0.19
275 30 0.19
45 0.21
60 0.21
300 30 0.19
45 0.19
60 0.28
aPer 30 g of raw biomass treated.
water and 1% solutions of three chelating agents: EDTA,
HEDP, and PDA. Figure 6 demonstrates the composition of
inorganics extracted from the thermally desorbed samples with
the bench-scale reactor for 45 min at temperatures between 225
and 300 °C. Overall extraction eﬃciency of inorganics from the
thermally desorbed ties is the highest with PDA, followed by
HEDP, EDTA, and then water (Figure 6). Over 90% of copper
and other inorganics known for having detrimental eﬀects on
pyrolysis are extracted from the raw sample using all of the
agents tested (Table S3). This supports the replacement of
EDTA with the more environmentally friendly chelating agents
PDA and HEDP for removal of copper and biomass inherent
inorganics. Additionally, it is noteworthy to point out that both
potassium and sodium are completely extracted from the ties
using only water, which is consistent with what has been
reported in the literature.14 With all chelating agents, as well as
with water, extraction eﬃciency signiﬁcantly decreases with
increasing thermal desorption severity. For example, 1.37
mmol/L of copper is extracted using PDA from the
nondesorbed sample, but only about 0.4 mmol/L is leached
from the sample desorbed at 300 °C prior to extraction (Table
S4). This demonstrates that as the thermal desorption
temperature used for NA removal increases, inorganics become
harder to remove from the ties. Percent removal of calcium
decreases by 67.3, 56.7, 40.2, and 17.3% with water, EDTA,
PDA, and HEDP, respectively, from the untreated sample to
the sample desorbed at 300 °C for 45 min (Table S3). This
same trend is present for all inorganics quantiﬁed. Therefore, a
trade-oﬀ between NA recovery and inorganic removal must also
be taken into consideration when determining optimal
conditions for CN removal from the used railroad ties.
The cause of this decrease in extraction eﬃciency with
increasing desorption temperature could be due to several
possible reasons. It has been demonstrated that thermal
Figure 4. GC/MS of recovered liquid organic phase from bench-scale thermal desorption of railroad ties for 45 min at (a) 225, (b) 250, (c) 275, and
(d) 300 °C.
Table 3. Proximate and Ultimate Analysis of Used Railroad Ties Thermally Desorbed with a Fixed Bed Reactor
desorption temperature (°C) desorption time (min) moisture content (%)a ash content (%)a ﬁxed carbon (%) % Ca % Ha % Oa,b
starting material 9.6 (0.3) 1.2 (0.1) 4.0 50.5 (0.2) 6.7 (0.3) 41.5 (0.3)
225 30 4.7 (0.1) 1.0 (0.1) 12.9 50.9 (0.2) 6.2 (0.1) 42.2 (0.3)
45 4.0 (0.1) 1.0 (0.1) 13.4 51.0 (0.4) 5.8 (0.1) 42.9 (0.5)
60 3.3 (0.1) 1.0 (0.1) 13.7 50.5 (0.2) 5.8 (0.2) 43.1 (0.2)
250 30 2.9 (0.1) 1.1 (0.1) 17.2 50.7 (0.1) 5.8 (0.1) 42.1 (0.2)
45 2.8 (0.1) 1.2 (0.1) 18.1 52.0 (0.2) 5.9 (0.4) 41.0 (0.6)
60 2.7 (0.4) 1.2 (0.4) 17.5 52.4 (0.3) 6.0 (0.1) 40.7 (0.4)
275 30 1.2 (0.3) 1.3 (0.2) 20.1 53.1 (0.3) 5.8 (0.1) 39.7 (0.4)
45 1.0 (0.1) 1.4 (0.1) 22.5 54.2 (0.1) 5.7 (0.1) 38.6 (0.1)
60 1.0 (0.4) 1.4 (0.2) 23.7 54.9 (0.1) 5.4 (0.1) 38.1 (0.2)
300 30 1.7 (0.2) 1.4 (0.2) 27.2 56.5 (0.1) 5.2 (0.3) 36.8 (0.3)
45 1.2 (0.3) 1.6 (0.1) 31.7 57.3 (1.4) 5.2 (0.2) 35.8 (1.6)
60 1.3 (0.7) 1.9 (0.3) 33.4 59.3 (0.4) 5.2 (0.1) 33.4 (0.5)
aMean (standard error). bPercent oxygen calculated by diﬀerence.
treatment can lead to oxidation of the metals;23,24,40 for
example, converting copper to copper oxide. These oxides are
inert and insoluble, thus reducing the amount of inorganics able
to be extracted from the ties.24 While torrefaction decreases
particle size and increases surface area, this treatment is also
known to cause woody biomass to become more hydro-
phobic,11,25 which could be another cause of the reduction in
extraction eﬃciency. A more hydrophobic wood structure
would be much harder to penetrate by the chelating agents.
Without access into the wood structure, fewer inorganics would
be accessible and removed from the ties. Only those on the
surface would be extracted.
The ash content of the thermally treated ties steadily rises
with an increase in thermal desorption temperature for all
chelating agents tested but drops signiﬁcantly after chelation for
all samples except those extracted with HEDP (Figure 7).
Samples extracted using HEDP have ash content signiﬁcantly
higher than that of the others, which can be attributed to the
Figure 5. Particle size distribution of railroad ties after thermal treatment at varied temperatures and retention times.
Figure 6. Inorganic composition of railroad ties extracted with EDTA, HEDP, PDA, or water after thermal desorption.
introduction of additional phosphorus from the HEDP itself.
The other chelating agents are composed of only carbon,
hydrogen, oxygen, and nitrogen, while HEDP includes
phosphorus. No washing of the wood was done after extraction
to prevent additional water use that would increase cost and
energy associated with implementing this process at an
industrial scale; therefore, some of the HEDP and other
chelating agents could remain in the solid fraction.
For thermochemical conversion, an ash content below 0.9%
is desirable with an even smaller content preferable.41 The
dashed line in Figure 7 represents this threshold. Thermal
treatment of the ties between 250 and 275 °C followed by
extraction with EDTA, PDA, or water result in biomass with an
ash content lower than this desired limit with PDA extracted
samples having the lowest ash content of the three (0.4−0.6%)
(Figure 7).
Therefore, the conditions suggested for optimum preserva-
tive removal are a temperature between 250 and 275 °C and a
residence time of 45 min, followed by inorganic extraction with
the chelating agent PDA. This determination takes into
consideration a trade-oﬀ between upgrading the ties for future
thermochemical conversion, preservative removal, and inor-
ganic extraction. Combining the use of thermal desorption with
PDA extraction can support the recovery of CN components
from used railroad ties and generate a high-quality biomass for
thermochemical conversion processes, thereby reducing the
landﬁlling of end-of-life ties by improving their value as a fuel
source with this process. The value inherent in the carrier oil,
NA, and copper recovered from rail ties after their primary
service make treated wood reuse or disposal both cleaner and
more commercially viable. Applying this process to treat used
ties on a larger scale would provide a secondary use for this
renewable fuel source while also minimizing the negative
environmental impact from landﬁll disposal of this biomass.
This extraction method using the biodegradable chelating agent
PDA can also be further applied beyond CN-treated railroad
ties for the lowering of ash content from other types of
biomass, which is advantageous for bioenergy producers. This
application is being investigated as a follow-up to this study.
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